demonstrate that different odorants elicit defined patterns of glomerular activity.
Introduction
The identification of a topographic map in which different odors elicit different patterns of activity in the Sensory neurons receive information from the environantennal lobe has led to the suggestion that these spatial ment and transmit this information to the brain where it patterns reflect a code-defining odor quality (Vosshall et is processed to create an internal representation of the al., 2000; Gao et al., 2000) . Others have argued, however, external world. The representation of the sensory world that the quality of an olfactory percept is encoded not in the brain then translates stimulus features into a neuin topography but in temporality, that different odors ral code that discriminates complex sensory information elicit different temporal patterns of activity and that this and ultimately elicits a behavioral response. Most senis a more relevant attribute of neural identity and odor sory systems spatially segregate afferent input from the quality than is position (Laurent, 1999) . Whatever the peripheral sensory neurons to create a topographic code, patterns of activity in the antennal lobe must be map. In the auditory, somatosensory, and visual systranslated by higher sensory centers to allow for the tems, neurons within the peripheral receptor sheet prodiscrimination of complex olfactory information. Distinject to the central nervous system in a highly ordered guishing among these models is likely to require an manner, such that neighbor relations in the periphery understanding of the neural circuit that translates odor are maintained in the brain. This orderly representation recognition into specific behavioral responses. The cirof cells in the peripheral receptor sheet may therefore cuit begins with primary olfactory neurons that project transmit information to the brain concerning both the with precision to spatially invariant glomeruli. If odor quality of a sensory stimulus and the position of a stimuquality is encoded by spatial patterns, we might expect lus in space. The peripheral olfactory system does not that a representation of the glomerular map is retained extract spatial features of an odorant stimulus. Relieved in the protocerebrum. of the requirement to map the position of an olfactory
We have therefore performed genetic experiments stimulus in space, the olfactory system may employ that permit us to visualize the projections of single PNs spatial segregation of sensory input to encode the qualthat connect defined glomeruli with their targets in the ity of an odor. mushroom bodies and protocerebrum. We have used We have examined how olfactory information is reprean enhancer trap line in which Gal4 is expressed in a subpopulation of projection neurons (Stocker et Table 1 ). In GH146-Gal4 flies, Gal4 is expressed in 83 PNs that innervate whose dendrites occupy a given glomerulus usually reside within only one of the three cell groups. For exam-34 glomeruli, implying that on average each glomerulus receives dendrites from three PNs. It is therefore possiple, the PNs that receive input from the DM2 glomerulus reside within the lateral cell grouping, whereas the neuble to examine the axonal patterns from multiple, different PNs that innervate the same glomerulus. Table 1 ). Although PNs innervating a given glomerulus exhibit invariant projections, the topo-DA2 axons, in a more lateral domain of the protocerebrum ( Figures 3C and 6B) . Even when projection patgraphic order of glomeruli in the antennal lobe is not maintained in the protocerebrum. Thus, PNs innervating terns appear to overlap in two dimensions, as is the case for VM1 ( Figure 3F ) and VA1lm (Figures 5C and neighboring glomeruli reveal projections that can be distant from one another in the protocerebrum. 5D), the axonal arbors are distinct when examined in three dimensions, with VM1 branching more posteriorly On average, each glomerulus receives dendrites from three labeled projection neurons. If the heat shock FLPthan VA1lm in the ventral protocerebrum.
Analysis of the projections of 147 PNs that innervate out technique randomly labels PNs with equal frequency, our data would imply that all neurons that con-34 glomeruli reveals that PNs that receive input from different glomeruli exhibit different spatial patterns of nect to a given glomerulus reveal similar projection patterns. Alternatively, the FLP-out labeling approach may axonal arborization (Figure 3) . However, projection neurons that innervate the same glomerulus reveal strikingly be nonrandom, such that one of the multiple projection neurons from a single glomerulus may be more susceptisimilar projection patterns, and this pattern is conserved In each instance, the cell bodies of neurons that connect In order to distinguish among these alternatives, we have searched brain preparations that contain two lato a given glomerulus reside within the same cell group and reveal patterns of projection in the protocerebrum suggesting that different PNs have different synaptic representation in the mushroom body. For example, the that are strikingly similar and almost overlapping. These data demonstrate that each of the multiple neurons inVA1lm dorsal-anterior PNs have 1 to 3 boutons (2 Ϯ 0.6, n ϭ 7), whereas the DL1 PNs have 5 to 9 boutons (6.7 Ϯ nervating a given glomerulus exhibit spatially conserved arborization profiles in the protocerebrum.
1.3, n ϭ 7) in the mushroom body ( Figures 4E, 4F , 5C, 5D and 6B). In experiments in which single PNs express the fusion protein, synaptobrevin-GFP, a reporter that Different Projections from the Same Glomerulus labels the presynaptic density, the bouton structure is Two glomeruli (VA1lm and DA1) connect to PNs whose much more prominent in the mushroom body than in cell bodies reside in two different cell groups (Figure the protocerebrum (data not shown). It has been difficult 5A). The VA1lm glomerulus is innervated by PNs that to detect conserved spatial features among like axons reside in the dorsal-anterior group. These dorsal PNs in the mushroom body. This may reflect our inability to project axons through the iACT, branch to the calyx of discern patterns due to inadequate detail, minimizing the mushroom body, and arborize in a characteristic differences between different PNs. Alternatively, a prepattern in the lateral aspect of the protocerebrum (Figcise spatial map in the antennal lobe may not be conures 5B-5D). We have also identified two neurons within served in the mushroom body. the ventral group of PNs that connect to the VA1lm glomerulus. These neurons extend axons through the mACT, bypass the mushroom body, and arborize in the Quantitative Cluster Analysis protocerebrum at a location distinct from the termini of of Projection Patterns the dorsal group of VA1lm neurons ( Figures 5B, 5E , and Visual inspection reveals that projection neurons in-5F). Thus, PNs that connect to the same glomerulus but nervating the same glomerulus exhibit extremely similar maintain their cell bodies in different locations surpatterns of axonal arborization in the protocerebrum. We rounding the antennal lobe exhibit distinct patterns of have performed cluster analysis on 36 PNs that innervate projections within the protocerebrum. six different glomeruli to provide a more quantitative assessment of the morphologic variation in projection patterns. Cluster analysis of morphologic variables, couProjections to the Mushroom Body The axonal projections in the mushroom body appear far pled with principal component analysis (PCA), has been successfully applied to the analysis of stereotypic misimpler than the rich arborizations in the protocerebrum (Figures 3 and 4) ., 2001) . The inordinate precision of connections is likely to reflect a high degree fined spatial patterns of activity, first in the antennal lobe (or olfactory bulb), and ultimately in higher olfactory of innate specification of individual neurons that will ultimately dictate the path and character of its projeccenters in the brain.
In this study, we ask how the precise topographic tions. This must be complemented by precise guidance information along a neuron's path that governs the posimap in the Drosophila antennal lobe is represented in the protocerebrum. We have randomly labeled individual tion and character of its arbors. The end result is a pattern of apparently precise connectivity that assures projection neurons using an enhancer trap line that labels a large population of PNs, along with the FLPthe specificity of information transfer. The precision of projections of PNs reveals a spatial out technique that drives the expression of a second reporter in a single neuron. Genetic approaches to visurepresentation of glomerular activity in higher brain centers, but the character of the map differs from that obalize individual neurons derive conceptually from the Golgi chrome silver impregnation, "reazione nera," that served in the antennal lobe. Axon arbors in the protocerebrum are diffuse and extensive, often extending the randomly labels only 1% of the neurons in a particular brain region. This approach, most elegantly employed entire dorsal-ventral dimension of the brain hemisphere. This is in sharp contrast to the tight convergence of by Cajal to formulate the neuron theory, permitted the visualization of individual cells along with their proprimary sensory axons whose arbors are often restricted to small 5-10 m spherical glomeruli. As a consequence, cesses and provided a first glimpse of specific neural connectivity (Cajal, 1889). The distinction between the the projections from different glomeruli, although spatially distinct, often interdigitate. Thus, the "point-to-point" seggenetic approaches (Lee and Luo, 1999) and the histologic experiments of Golgi and Cajal one hundred years regation observed in the antennal lobe is "degraded" in the second-order projections to the protocerebrum. This earlier is the ability to use genetic markers to more precisely identify partners in the neural circuit.
affords an opportunity for the convergence of inputs from multiple different glomeruli essential for higher orWe observe that the vast majority of PNs send dendrites to only one glomerulus. Projection neurons that der processing. Third-order neurons in the protocerebrum might synapse on PNs from multiple distinct gloinnervate the same glomerulus reveal strikingly similar axonal topography, whereas PNs from different glomermeruli, a necessary step in decoding spatial patterns to allow the discrimination of odor and behavioral reuli exhibit very different patterns of projections in the protocerebrum. Thus, neurons that innervate a given sponses. Similar conclusions emerge from recent experiments glomerulus reveal strikingly stereotyped patterns of that employ genetically encoded transneuronal tracers axon arborization that are readily apparent upon visual in the mouse olfactory system (Zou et al., 2001). Mitral inspection and are confirmed by more quantitative cluscells that receive input from a single glomerulus project ter analysis. These conclusions derive from analysis of to defined regions of the piriform cortex that are more less than half of the total number of PNs, and additional extensive than the glomerular segregation. Moreover, analysis will be required to determine whether they can overlap in the projection patterns of different glomeruli be extended to the complete set.
affords the opportunity for integration of olfactory inforAn interesting variation of this pattern is observed for mation at these higher olfactory centers. at least two glomeruli, VA1lm and DA1. PNs that receive input from these glomeruli have cell bodies that reside within two distinct cell groups surrounding the antennal 
